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Growth and biofilm formation 113
A 24-h culture of P. gingivalis in THB-HK was diluted in fresh broth medium to obtain an 114 optical density at 655 nm (OD 655 ) of 0.2. Equal volumes (100 µL) of P. gingivalis and AC-115 PACs (0, 50, 100, 200 µg/mL) in THB-HK were mixed in the wells of 96-well plates (Sarstedt, 116 Newton, NC, USA). Control wells with no P. gingivalis were also prepared. After a 24-h 117 incubation at 37°C under anaerobic conditions, bacterial growth was recorded by measuring the 118 OD 655 using a microplate reader. The spent media and free-floating bacteria were then removed 119 by aspiration and the wells were washed three times with distilled water. The P. gingivalis 120 biofilms were stained with 100 µL of 0.4% crystal violet for 15 min. The wells were washed 121 four times with distilled water to remove the unbound crystal violet dye and were dried for 2 h 122 at 37°C. After adding 100 µL of 95% ethanol to each well, the plate was shaken for 10 min to 123 release the stain from the biofilms. The absorbance at 550 nm (A 550 was allowed to settle at room temperature for 2 h, and was then washed three times with 142 distilled water prior to conducting the adherence assay. Matrigel ® is composed of several 143 extracellular matrix proteins, including laminin, type IV collagen, heparan sulfate 144 proteoglycans, and entactin. Mixtures containing 20 µL of 14 C-labeled P. gingivalis (OD 655 of 145 0.8) and 30 µL of AC-PACs in PBS were prepared to obtain a final AC-PAC concentration of 146 0, 25, 50, or 100 µg/mL. The mixtures were placed in wells coated with epithelial cells or 147 extracellular matrix proteins. After a 30-min incubation at 37°C, the wells were washed three 148 times with PBS to remove unbound bacteria. Adhered radiolabeled bacteria were detached by 149 adding 100 µL of 0.5 M NaOH and incubating the plates at room temperature for 15 min on an 150 orbital shaker. The bacteria were suspended in EcoLite scintillation liquid (ICN, Costa Mesa, 151 CA, USA) and the radioactivity was counted using a multipurpose scintillation counter 152 (Beckman Coulter, Fullerton, CA, USA). degradation by a P. gingivalis culture supernatant by 50.2 ± 4.4%, 73.7 ± 6.8%, and 88.7 ± 238 8.5%, respectively (Fig. 4A ). This inhibitory effect of AC-PACs on type I collagen degradation 239 was time-dependent (Fig. 4B) . 240 241 The effect of AC-PACs on the invasiveness of P. gingivalis was investigated using a 242 reconstituted basement membrane model (Matrigel ® ) in a double chamber system. The 243 migration of 14 C-labeled P. gingivalis cells through the Matrigel ® was reduced by 23.9 ± 3.6% 244 and 27.5 ± 3.0% in the presence of 50 and 100 µg/mL AC-PACs, respectively (Fig. 5) . 245 246 The ability of AC-PACs to modulate the P. gingivalis-induced inflammatory response of oral 247 epithelial cells was then examined. Epithelial cells were treated with AC-PACs for 2 h prior to 248 being stimulated with cells of P. gingivalis to investigate their effects on IL-6, IL-8, and CCL5 249 secretion. At an MOI of 125, P. gingivalis significantly increased the secretion of IL-6, IL-8, 250
and CCL5 (Fig. 6a) , while having no effect on epithelial cell viability. AC-PACs significantly 251 decreased the secretion of IL-8 and CCL5 at all concentrations tested in a dose-dependant 252 fashion. Decreased secretion of IL-8 and CCL5 was not related to loss of cell viability since 253 AC-PACs did not show any cytotoxicity at up to 200 µg/mL (data not shown). However, AC-254
PACs did not affect the secretion of IL-6. More specifically, 25, 50, and 100 µg/mL of AC-255
PACs reduced the secretion of IL-8 by 53.2 ± 5.3%, 84.1 ± 2.0%, 88.3 ± 1.4% and of CCL5 by 256 63.6 ± 4.1%, 82.8 ± 2.8%, and 83.7 ± 1.4%, respectively (Fig. 6A) . The relative DNA-binding 257 activity of nuclear transcription factor NF-κB p65 in oral epithelial cells treated with P.
of oligomers containing at least one A-type interflavan bond, but there are often multiple A-266 type interflavan linkages at each degree of polymerization within the proanthocyanidins 267 oligomeric series (23). This unique structural feature has been associated with its anti-268 adhesion activity and its beneficial effects for prevention of urinary tract infections (23). While 269 the A-linkage in cranberry proanthocyanidins is an important structural feature in terms of 270 bacterial anti-adhesion activity, very little is known about other health benefits. In the present 271 study, we investigated the effects of AC-PACs on the pathogenic properties of P. gingivalis 272 and the P. gingivalis-induced inflammatory response in oral epithelial cells. 273
274
The ability to grow and form biofilms is likely critical for the establishment and persistence of 275 P. gingivalis in subgingival sites. In addition, biofilms allow bacterial pathogens to evade 276 immune defenses and better resist mechanical removal and chemotherapeutic agents. While 277 AC-PACs did not have any effect on P. gingivalis growth, they did inhibit biofilm formation. 278
This result is of interest because AC-PACs did not seem to have antibiotic properties, even at 279 the highest concentration tested, which would limit the development of resistance to them and 280 would not disturb the oral ecology. The inhibition of biofilm formation by an uncharacterized 281 polyphenol extract prepared from cranberry has been previously reported for Streptococcus 282 mutans and P. gingivalis (5, 11, 31, 45) . 283 Collagen degradation by periodontopathogens may thus be involved in gingival tissue 304 destruction. The collagenolytic activity of P. gingivalis has been attributed to various 305 proteinases (21, 27). In the present study, we showed that AC-PACs dose-dependently 306 inhibited collagen degradation by P. gingivalis, suggesting that AC-PACs may contribute to 307 reducing the destructive process. Interestingly, we previously showed that AC-PACs have the 308 ability to inhibit the activity of recombinant human matrix metalloproteinases (MMPs: MMP-1 309 and MMP-9) and the secretion of various MMPs by macrophages (29). Using a reconstituted 310 on October 2, 2017 by guest http://aac.asm.org/ Downloaded from entactin, we also showed that AC-PACs could inhibit the invasiveness of P. gingivalis. Since 312 we previously reported that P. gingivalis proteinases contribute to the ability of this bacterium 313 to penetrate this model (1), the inhibitory effect of AC-PACs is likely related to its anti-314 proteinase effect. 315
316
The host inflammatory response is a critical factor in the destruction of tooth supporting tissue 317 during periodontitis. Therapeutic agents that modulate host inflammatory mediators have thus 318
shown promise for managing adult periodontitis and may be very useful for treating 319 individuals with a substantially increased risk for periodontitis (28). In addition to providing a 320 physical barrier against invading P. gingivalis, epithelial cells play an important role in innate 321 host immune defenses. P. gingivalis adheres to and invades epithelial cells by targeting specific 322 host receptors, modulating host signaling events, and deregulating the host cytokine network 323 (2). We showed that P. gingivalis increased the secretion of inflammatory mediators IL-6, IL-324 8, and CCL5 by oral epithelial cells. AC-PACs significantly decreased the secretion of and CCL5 at all concentrations tested in a dose-dependent fashion but did not affect the 326 secretion of IL-6. In an ongoing study, we showed that AC-PACs could also decrease the 327 secretion of IL-8 and CCL5 by oral epithelial cells stimulated with purified 328 lipopolysaccharides from P. gingivalis and Aggregatibacter actinomycetemcomitans (data not 329 shown). IL-8 is an important chemoattractant that enhances the recruitment and infiltration of 330 neutrophils to sites of inflammation (35), while CCL5 has significant chemotactic activity for 331 basophils, eosiniphils, monocytes, and T helper type 1 cells (34). The stimulation of 332 chemokine production by periodontopathogens is believed to play an important role in 333 initiating inflammatory reactions in gingival tissue. Interestingly, the concentration of IL-8 inthe gingival crevicular fluid of inflamed periodontal sites has been correlated with the severity 335 of periodontitis (25). In addition, treating periodontitis reduces the number of immune cells and 336 the levels of IL-8 infiltrates, suggesting that this chemokine plays a role in periodontal status 337 (15). Similarly, high levels of CCL5 have been detected in the gingival crevicular fluid and 338 inflamed gingival tissues adjacent to periodontal pockets, indicating that this chemokine may 339 be important in the initiation and progression of periodontitis (15, 16, 26) . The fact that AC-340
PACs inhibited the secretion of IL-8 and CCL5 in human oral epithelial cells stimulated by P. 341 gingivalis suggests that they have the potential to reduce the influx of inflammatory cells to 342 diseased sites and the amplification of P. gingivalis-induced inflammatory processes. We also 343 provided evidence that AC-PACs inhibited, at least in part, the P. gingivalis-induced secretion 344 of IL-8 and CCL5 by its ability to inhibit the activation of NF-κB p65, which is an activator of 345 many cytokines and inflammatory processes (38). This is in agreement with previous studies 346
showing that natural products, including plant polyphenols, with anti-inflammatory properties 347 exert their effect by modulating the NF-κB pathway (7). The fact that IL-6 secretion by P. After a 30 min of incubation at 37°C, the wells were extensively washed and the quantity of 513 adhered 14 C-labeled bacteria was determined by γ-counting using a multipurpose scintillation 514 counter. Assays were run in triplicate and the means ± SD of three independent assays were 515 calculated. A value of 100% was assigned to the amount of 14 C bound in the absence of AC-516
PACs. *significantly lower compared to the untreated control (p<0.05). 517 of P. gingivalis. Assays were run in quadruplicate and the means ± SD of three independent 520 assays were calculated. A value of 100% was assigned to the degradation obtained after a 4-h 521 incubation at room temperature in the absence of AC-PACs (Fig. 4A) . The inhibition of 522 collagen degradation was also measured as function of time (Fig. 4B ). *significantly lower 523 compared to the untreated control (p<0.05). 14 C-labeled P. gingivalis cells were pre-incubated 527 with AC-PACs (0, 25, 50, 100 µg/mL) for 30 min. They were then placed on the Matrigel ® in 528 the top of a double chamber system. After a 48-h incubation at 37°C under anaerobic 529 conditions, the number of 14 C-labeled P. gingivalis recovered in the lower chamber was 530 determined by γ-counting. Assays were run in triplicate and the means ± SD of three 531 independent assays were calculated. A value of 100% was assigned to the amount of 532 radioactivity counted in the absence of AC-PACs. *significantly lower compared to the 533 untreated control (p<0.05). 534 535 Figure 6 . Effect of AC-PACs on the P. gingivalis-induced inflammatory response in oral 536 
